Although many countries are increasing their efforts to recycle and to re-use waste materials, landfilling will still be needed in order to dispose of wastes which cannot be recycled or treated in other ways. Since landfills will most probably be present for a long time, measures will have to be taken to reduce their (long-term) emissions. The European Commission has delegated the competent authorities to decide to end aftercare and several member states have provided regulations for this purpose. However, there is currently no guidance for long-term risk assessment to support an aftercare completion procedure for landfills. The aim of this study is to provide examples of current regulations and to demonstrate an alternative approach for a quantitative risk assessment of landfill leachate. The presented modelling approach clearly demonstrates the added value of site specific risk assessments of the long-term emissions from landfills and might provide a basis for application when the acceptance criteria for landfill will be revisited in the future. In addition, the modelling approach can be used as one of the toolboxes to perform assessments of the long-term emissions from landfill leachates and might help the competent authorities to decide whether the remaining emission potential is acceptable or not. Moreover, the results imply that local environmental conditions contribute to the acceptability of landfill emissions and are important factors in choosing a landfill location.
Introduction
Although many countries are increasing their efforts to recycle and to re-use waste materials, landfilling will still be needed in order to dispose of wastes which cannot be recycled or treated in other ways. In addition, landfills will be among us for a long time and measures will have to be taken to reduce their (long-term) emissions. Therefore, both the environmental as well as the financial impact of landfills need to be assessed and concepts that increase the sustainability of this waste management option are under development , Mathlener et al. 2006 , van Zomeren & van der Sloot 2006a , van Zomeren et al. 2009 ). However, sustainability is not a clear concept and in relation to the landfill of waste it causes opposition among regulators and the general public.
Common use of the term sustainability began with the report of the World Commission on Environment and Development, entitled Our Common Future (WCED 1987) . This document coined the well-known and widely referenced definition of sustainable development as 'development that meets the needs of the present without compromising the ability of future generations to meet their own needs'. Although the general concept of sustainability is being increasingly embraced by the waste management industry, regulators, environmentalists, and the general public, shared definitions of 'sustainable landfill' and 'landfill stability' were until recently not available.
The landfill industry and the regulators essentially need a definition of sustainability, stability or acceptable risk in order to agree on aftercare completion. Aftercare completion is the moment at which the responsibility for the remaining risk of a landfill is transferred from the operator to society, meaning any organization that is willing to accept the remaining risk and emission potential. The key issue is more about a desired 'end-point', risk and risk assessment than about sustainability. In that respect it seems more important to emphasize striving for acceptable risk rather than achieving sustainability.
The term functional stability was proposed in 2004 by the SWANA Bioreactor Committee Stability Subcommittee (Barlaz M.A. (2005) : personal communication): 'A landfill is functionally stable when the waste mass, post-closure, does not pose a threat to human health and the environment. This condition must be assessed in consideration of leachate quality and quantity; gas composition and production; cover, side-slope and liner design; site geology and hydrogeology; climate; potential receiving bodies, ecosystems and human exposure; and other factors deemed relevant on a site-specific basis. Functional stability should be assessed in the context of a proposed end use and a proposed level of post-closure care, which may vary from no care, to some level of ongoing maintenance or monitoring that is designed to assure that no factors change that could increase potential threats to human health and the environment. ' Consequently, the risk of a landfill can only be assessed for a specified situation and after-use. Considering the above, a group of international scientists (Scharff 2009 ) recently agreed on the following definition (or framework) of acceptable risk for landfills in the context of aftercare completion.
(1) The landfill reaches functional stability (based on sitespecific physical, chemical, and biological characteristics of the waste mass and its location) such that the landfill, taking into account its proposed after-use, is unlikely to pose an unacceptable risk to human health or the environment.
(2) During the process towards functional stability no unacceptable risk should occur.
(3) This situation should be reached as quickly as possible and within the financial provision time. (4) The funding for completion of aftercare has been secured and allows for appropriate after-use of the site with minimal (custodial) care.
The European Commission has delegated to the competent authorities to decide to end aftercare (CEC 1999) . Several member states have provided regulations as a basis for aftercare and aftercare completion of landfills (see Section 2). However, there is currently no guidance for long-term risk assessment to support an aftercare completion procedure for landfills. The aim of this study was to provide examples of current regulations and to demonstrate an alternative approach for a quantitative risk assessment of landfill leachate. It should be noted that the present study focused mainly on a possible approach for aftercare completion criteria of landfill leachate as part of the total assessment of parameters (e.g. gas emissions and functional stability) to come to a toolbox for an integrated aftercare completion procedure. The approach is based on data from an ongoing pilot study regarding the disposal of predominantly inorganic waste (van Zomeren and van der Sloot 2006a, Scharff et al. 2007 , van Zomeren et al. 2009 ). The predictions of the long-term impact of the pilot landfill are based on a so called source-pathway-receptor approach, similar to the conceptual model that was used for calculation of the waste acceptance criteria in the Landfill Directive (Hjelmar et al. 2001 ). The major difference with the current approach is that the modelling is now based on reactive transport of contaminants through the soil towards a point of compliance.
Regulatory context
Reaching landfill stability, sometimes addressed as final storage quality, is implicitly assumed in many landfill regulations (Scharff et al. 2007 ). However, strategies and means to achieve landfill stability have not yet been included in landfill regulations and guidelines (Hjelmar & Bjerre Hansen 2005) . The European Commission continues to emphasize that the guiding principle for waste regulation is to guarantee the protection of the environment and of human health. In the Thematic Strategy on the prevention and recycling of waste (CEC 2005) and the Waste Framework Directive (CEC 2008) it is expressed to give more attention to risk assessment and life-cycle thinking.
Article 13(d) of the European Landfill Directive (CEC, 1999) states: ' . . . for as long as the competent authority considers that a landfill is likely to cause a hazard to the environment . . ., the operator of the site shall be responsible for monitoring and analysing landfill gas and leachate . . . and groundwater regime in the vicinity of the site . . .'. Accordingly, aftercare cannot be ended, or in other words landfill aftercare completion cannot be agreed upon, until the competent authority can be convinced that the landfill is no longer causing a hazard. The Directive provides no guidance on when and how to end aftercare. As a result, landfill operators are uncertain about the actions to take to work towards landfill aftercare completion and what financial reserves they should make concerning aftercare.
Article 2(e) of the European Landfill Directive (CEC 1999) states: '''inert waste' means waste that does not . . . adversely affect other matter with which it comes into contact in a way likely to give rise to environmental pollution or harm human health. The total leachability and pollutant content of the waste and the ecotoxicity of the leachate must be insignificant, and in particular not endanger the quality of surface water and/or groundwater''. The European Landfill Directive does not require isolation and aftercare for landfills for inert waste. In combination with the statement that inert waste does not give rise to environmental pollution or harm human health, this implies that the emission associated with inert waste is considered acceptable (Scharff et al. 2007) .
The European acceptance criteria for inert waste on landfills are leaching limit values (CEC 2003) . They are based on compliance with drinking water standards in the groundwater (Hjelmar et al. 2001 ) at a point of compliance near the landfill taking into consideration all the processes below the landfill (Figure 1 ). Scharff et al. (2007) state that the European Commission has indirectly defined acceptable emissions as a landfill which meets the acceptance criteria for inert waste. However, the defined acceptance criteria are currently based on acceptance of individual waste materials before these are landfilled. Any criteria that define acceptable emissions, functional stability or end-point criteria need to be based on an assessment of the long-term emissions from the complete landfill at some point in time.
The impact of the European Groundwater Directive (CEC 2006) on landfill in general and end-point criteria in particular is not clear. It addresses water catchment areas in which landfills are a point source. The Dutch environment ministry has studied the European Groundwater Directive and concluded that it does not require a revision of the Dutch landfill regulations (VROM 2007) . The European Groundwater Directive regulates maximum nitrogen levels in groundwater. Consequently it could require introduction of limit values for nitrogen in landfill regulations. According to various researchers (e.g. Kruempelbeck & Ehrig 1999) nitrogen might extend landfill aftercare up to centuries, but nitrogen is not regulated in the European Landfill Directive.
The German Bundesministerium fu¨r Umwelt, Naturschutz und Reaktorsicherheit has recently issued a new integrated landfill directive (BMU 2009 ). This directive contains a paragraph about aftercare and release from aftercare of landfills. Landfills can be released from aftercare if they do not endanger the well-being of society and in particular do not endanger the groundwater protection. The criteria for the competent authority to assess this situation are to a large extent related to degradation of organic matter and stability of the landfill. The emission criteria for leachate are principally based on concentrations. Stegmann et al. (2006) propose that in some situations fluxes should be considered rather than concentrations, but due to existing German groundwater regulations this is hard to apply in reality. The risk assessment aspect is included in the process to determine the emission criteria. These criteria are independent of site-specific conditions. This implies that the protection of health and environment can only be guaranteed if the safety margins in the criteria are so wide that they will protect any environment. This could mean that in specific situations the criteria are too stringent and result in unnecessary costs for society. Scharff et al. (2007) consider the advantage of this approach is that it is very clear to all stakeholders what the criteria for release from aftercare are. The directive also contains options to deploy measures to accelerate landfill stabilization. The combination of clear criteria and stabilization measures make it relatively easy for landfill operators to decide on investments for accelerated landfill stabilization.
The United Kingdom has provided a draft document called Guidance on Landfill Completion and Surrender (Environment Agency 2005). The overall objective of this guidance is to ensure that sites remain under regulatory control until there is no longer a need for such control and more specifically to ensure that surrender of the authorization does not take place until the Agency considers that the landfill no longer poses a pollution risk. Risk assessment is an important element of the surrender process. The document specifies that the risk assessment should be a source-pathway-receptor method. Completion criteria will be site-specific. They will not necessarily be simple numerical values and may require a combination of factors to be present over a defined period of time. The guidance document provides examples of factors relating to the source term of environmental risk that should be considered. The risk assessment should provide predictions of the impact at each receptor as well as inputs and outputs of risk assessment modelling parameters. Scharff et al. (2007) consider this guidance very useful in that it provides options to include site-specific situations. It also offers operators room to apply the optimal methods to accelerate stabilization. It seems the operators have to choose their risk assessment method themselves. The final environmental targets are not entirely clear for the operators until the competent authority has authorized the surrender. Therefore, it may be rather difficult to make decisions to actively influence potential emission reduction and stability during operation and aftercare periods.
Approaches for sustainable landfilling
An essential element of sustainable methods for landfilling is rapid stabilization of the waste with which the landfill is constructed. Stabilization can be accelerated by optimal use of naturally occurring processes. These processes are different for different types of waste. This means that certain waste materials should receive a dedicated sustainable landfill approach. This concept was developed in the Dutch sustainable landfill project , Mathlener et al. 2006 , van Zomeren and van der Sloot, 2006a and the idea that several types of waste can be processed in different landfill concepts ( Figure 2) was later proposed during a workshop of the Inter Continental Landfill Research Symposium (Scharff 2006 ).
(1) The Bioreactor approach for biodegradable wastes. This approach aims at acceleration of the biodegradation processes. This is mainly achieved by means of injection and recirculation of water. Methane production is stimulated and capture rates are optimized. This results in a very low methane emission and optimized energy recovery.
(2) The Equifill approach for predominantly inorganic wastes. Specific types of inorganic wastes can neutralize each other's negative effects. Processes such as adsorption and precipitation can be stimulated based on better knowledge of the waste materials. This results in irreversible storage inside the landfill body and consequently to lasting low levels of emission. (3) The Monolith approach for hazardous wastes.
Contaminants in certain types of hazardous waste can be immobilized in minerals by mixing them in a dedicated immobilization plant. Mineralization can be optimized with a binding agent. A new material emerges that has monolithic properties. This material can either be applied as blocks or in layers to build a Monolith Landfill. The treatment results in lasting low levels of emission.
When most of the organic carbon in a bioreactor has been degraded, it is envisioned that the behaviour of the landfill body converges to the behaviour of an inorganic waste landfill (Mathlener et al. 2006) . The same applies to (suitable types of) hazardous waste after immobilization or cement stabilization. For all types of waste on the road to aftercare completion it seems inevitable to 'pass through' a stage that is comparable to an inorganic waste landfill. Degradation having reached very low levels, the only remaining mechanisms for further reduction of potential emission are solubility control and flushing of mobile salts. The remaining level of emission from the stabilized landfill (in terms of organic matter degradation) can be considered marginal and isolation measures will no longer be required. It should be noted that the anticipated absence of isolation measures is most probably only feasible for the Bioreactor and Equifill concepts, whereas results from a stabilized hazardous waste pilot study ) indicate that the hazardous waste landfill needs to be isolated with liner systems. Samples taken after demolition of the 4-year-old pilot experiment showed that the uncovered cells were heavily weathered until a depth of 20-30 cm. Numerous cracks were visible and the material had lost physical stability due to weathering processes and the wash-out of salts (enhanced porosity). The cell which was covered during the whole experiment (4 years) showed an increased physical stability and only minor indications of weathering (slight carbonation in the first 10 cm).
These results indicate that there is a need for long-term isolation of the stabilized hazardous waste landfill in order to ensure minimum salt release and to maintain physical stability.
When the long-term risks can be considered acceptable, this would also be the moment to formally end aftercare. Further involvement with the site depends on its intended after-use. For that reason 'functional stability' rather than absolute 'final storage quality' is considered appropriate. Aftercare could be minimized comparable to park maintenance. For this situation the term 'custodial care' has been introduced (ITRC 2006 ).
Various authors (e.g. Kruempelbeck & Ehrig 1999; indicate that concentrations of chloride and nitrogen in leachate could exceed emission criteria centuries after closure of the landfill site. Consequently, it can be expected that groundwater impact of leachate will be of decisive influence during an aftercare completion procedure. The following paragraphs will, therefore, focus on groundwater impact. Obviously, the impact of landfill leachate on the environment is one of the building blocks of a complete risk assessment of landfills. In this study, other sources of emissions from landfills (e.g. odour, fugitive dust or methane) will not be addressed.
Alternative approach to derive aftercare completion criteria
In order to assess whether the protection of the environment and of human health is guaranteed (CEC 2005 (CEC , 2008 in the long term it is inevitable to apply a risk assessment method that includes a reliable prediction of future groundwater impact. The European landfill regulations currently do not contain guidance for long-term risk assessment to support an aftercare completion procedure. In the Netherlands, the Dutch Environment Ministry, regional authorities and landfill operators are discussing an agreement to develop an aftercare completion procedure. The development will include a 5-to 10-year research programme to verify the elements of an aftercare completion procedure 'in the field'. Essential issues are the establishment of emission limit values and the assessment of the compliance of an entire landfill with these limit values. A method has to be developed. It is conceivable that an assessment method can consist of the following activities.
. An assessment of the historical and current landfill gas and leachate qualities and quantities and the hydrology of the waste body. . Leaching and fermentation tests on waste samples from cores drilled into the waste body to provide data for modelling of long-term emission of the entire landfill. . Statistical analyses (including confidence intervals) and modelling of the long-term emission potential and risk. . Including local soil and groundwater conditions in the modelling and the assessment.
Recent developments in modelling (Meeussen 2003 , Dijkstra et al. 2004 , 2009 , Verschoor et al. 2008 , van Zomeren et al. 2009 ) indicate such an approach is feasible. The approach could rely to a large extent on the work carried out for the European waste acceptance criteria (Hjelmar et al. 2001) . It is, however, necessary to define which aspects can and should be added and what level of reliability is required for prediction of future emissions.
Comparison of landfill leachate emissions with acceptance criteria
Leachate quality and leachate quantity data of an inorganic waste pilot project (Equifill) were used to calculate emissions (in mg kg À1 ). In the Equifill pilot project a cell of 12 000 m 3 was filled with residues from soil separation and cleaning, dredging sludge treatment and construction and demolition waste sorting and recycling. Further details on the waste input, cell construction and monitoring can be found in Scharff & Jacobs (2005) . The measured emissions from the pilot experiment were compared to limit values for waste acceptable at landfills for inert, non-hazardous and hazardous waste according to the Council Decision 2003/33/EC (CEC 2003) ( Table 1 ). The Council Decision states two L/S ratios for which limit values were determined (L/S ¼ 2 and L/ S ¼ 10). As the L/S ratio of the pilot experiment is 0.9, actual leachate quality is compared to the limit values at L/S ¼ 2.
The Equifill leachate quality (L/S ¼ 0.9) shows that most components do not exceed the limit values for waste acceptable at landfills for inert wastes so far. At first glance chloride and sulfate could be indicated as non-complying components. However, results obtained at L/S ¼ 0.9 and limit values obtained at L/S ¼ 2 cannot be directly compared. As a worst-case judgement, the emissions at L/S ¼ 0.9 could be multiplied by a factor 2 to enable comparison with the limit values. In practice, this correction would lead to a slight overestimation of the emissions since the leached amounts are already starting to decline above an L/S ratio of approximately 1 L kg À1 . The measured emissions obtained by the column leaching tests at L/S ¼ 2 are also given in Table 1 . In general, the results are consistent with the data from the pilot experiment. However, differences in the absolute values are evident and likely the result of variations between leaching behaviour under laboratory and field conditions. It should be noted that during a column leaching test, a large part of the waste packed in the column interacts with the percolating water or leachate. The interaction between waste and percolating water or leachate within the pilot experiment is smaller compared to conditions in a laboratory experiment. This process is also called preferential flow. Under laboratory conditions 100% of the pore volume can be flushed. In the Equifill pilot project it was estimated that after 5 years the leachate had only flushed approximately 25% of the pore volume (van Zomeren & van der Sloot 2006a). Hence, variations in emissions of mobile constituents between column leaching tests and pilot-scale experiments can be explained by the differences in mobile or immobile fractions.
The Council decision 2003/33/EC (CEC 2003) states that values for total dissolved solids (TDS) can be used alternatively to the emissions of chloride and sulfate. As Ca leaching of the waste mixture amounts to 2000 mg kg À1 at L/S ¼ 2 it can be expected that TDS will not provide a solution for non-compliance with the acceptance criteria. Various sources (e.g. Kruempelbeck & Ehrig 1999 indicate that nitrogen is a component that very often exceeds groundwater standards or surface water discharge standards for a very long time. The Council decision 2003/33/EC (CEC 2003) does not include limit values for nitrogen. The EU Groundwater Directive (CEC 2006) could introduce the necessity to determine limit values for nitrogen for inert waste landfills. Applying the same methods that were used for the establishment of acceptance criteria for inert waste and the groundwater standard of 50 mg NO 3 L À1 a limit value for nitrate can be calculated. When an attenuation factor of 3 (similar to the attenuation factor that was taken for chloride) is used, it is expected that such a limit value at L/S ¼ 2 will be between 100 and 200 mg NO 3 kg À1 . At L/S ¼ 0.9 the pilot project has released 65 mg NO 3 kg À1 .
The results in Table 1 indicate that adequate pre-treatment measures such as flushing of salts could be taken and stricter acceptance criteria must be set in order to comply with the acceptance criteria for landfills accepting inert wastes. However, the comparison of measured emissions in leachate with acceptance does not account for local soil and groundwater conditions in the vicinity of the landfill. (CEC, 2003) . **Annex II does not include nitrogen limit values. They will however be introduced by the future Groundwater Directive (CEC, 2006) . ***Anticipated order of magnitude of the limit value.
A so-called site-specific risk assessment, based on geochemical modelling and comparison of peak concentrations at a point of compliance with water quality criteria, is needed to properly address the local situation and associated risks of the landfill leachate. This approach is explained in the following section and an example is given of the calculated longterm emissions from the landfill, taking into account the local soil and groundwater conditions.
Modelling long-term impact of a predominantly inorganic waste landfill Landfills have widely varying waste composition and are situated in widely varying environmental conditions. In order to obtain a meaningful risk assessment for aftercare completion, site-specific parameters (e.g. groundwater quality) for the landfill in question need to be included. For the purpose of establishing waste acceptance criteria in the Landfill Directive, a combination of several minimum standards for drinking water quality was taken as the basis for establishment of these criteria (Hjelmar et al. 2001 ). An imaginary drinking water well was therefore selected as the point of compliance (Figure 1) . In this conceptual model, the contaminants from the landfill are transported through the underlying soil and groundwater towards the point of compliance. The models were based on reactive transport of contaminants using a distribution coefficient (K d ), implying that they only considered dilution and transport of contaminants in the soil and groundwater with a fixed retardation factor. It is well known and documented that during the transport of the leachate concentration reduction of contaminants can occur over time or distance from the source due to physical, chemical (pH and competition of other ions) and biological changes in the landfill. However, not all of these processes could be quantitatively considered in the models at that stage (e.g. adsorption of metals to organic matter, pH dependent leaching of contaminants due to solubility control by mineral phases).
Substantial progress in chemical reaction / transport modelling has been made over the last decade and it is now feasible to predict long-term emissions from application and/ or disposal scenarios, using advanced, thermodynamically consistent, geochemical models. Reactive transport modelling enables inclusion of more specific attenuation processes than have been considered in establishment of the waste acceptance criteria. A database/expert system has been developed to make this knowledge more accessible (van der Sloot et al. 2003 .
In the Netherlands, the ministry of Spatial Planning, Housing and the Environment has recently revised the Dutch building materials decree (VROM 1995) using a state of the art scenario modelling approach (Verschoor et al. 2006) . The new soil quality decree (VROM 2007) is derived from more detailed modelling assessments taking into account the chemical processes in the underlying soil system. In this study, the new modelling approach is applied for a sustainable landfill pilot experiment in the Netherlands van der Sloot 2006a, van Zomeren et al. 2009 ). The aim of this study is to demonstrate the effect of the local soil type on the projected long-term emission of contaminants and to provide a new basis for determination of landfill after-care criteria based on site specific environmental risk assessment.
The scenario involves a predominantly inorganic waste landfill (pilot experiment) without a liner system (Figure 3) . The height of the landfill is 20 m and a net infiltration of 300 mm year À1 was assumed (long-term average infiltration in The Netherlands) to calculate the impact of an uncovered landfill. The source term (concentration profile as a function of time) is given by the results of the upflow percolation leaching test (CEN TS 14405; (CEN 2005) ) on the landfilled waste mixture. Using information on the height of the landfill, density of the waste and infiltration rate, the L/S ratio from the laboratory test can be converted to a timescale. The concentration of contaminants entering the underlying soil system is input in the model calculations. The next part of the scenario description is the soil type. Three general soil types were selected for the model scenarios: sand, clay and peat. A summary of the generic soil properties can be found in van Zomeren et al. (2009) and in more detail in Verschoor et al. (2006) . The released contaminants are transported through the underlying soil into the groundwater at certain depth. The transport of contaminants is calculated using various reactions and adsorption/complexation models ('multisurface' approach) as described in detail by Dijkstra et al. (2004 Dijkstra et al. ( , 2008 . The impact of the released contaminants on the groundwater quality is subsequently calculated in the model.
The result of the modelling assessment is a timedependent concentration profile in the groundwater and comparison of the peak concentration with drinking water standards. An example of the modelling results for chloride, sulfate and copper as a function of time and distance from the landfill is presented in Figure 4 . In this scenario, the groundwater at distances of 0.05, 11.5 and 29.5 m from the boundary of the landfill are taken as examples of the point of compliance (POC). It can be seen that sulfate and chloride leachate concentrations are well above the drinking water and groundwater limit concentrations at all distances from the landfill. The model calculations are consistent with the results of the leaching tests and the judgement based on the acceptance criteria for inert waste in that also chloride and sulfate were identified as the most important potential noncompliant constituents. The results could lead to the conclusion that the emissions are too high to complete aftercare of the landfill. However, the neighbouring Noordzeekanaal and the groundwater in the area of the landfill are brackish and contain concentrations of chloride (2500 to 5000 mg Cl À L À1 ) and sulfate (500 to 700 mg SO 4 2À L À1 ) When the peak concentrations are subsequently compared with the local groundwater concentrations, it can be seen that the chloride and sulfate concentrations from the landfill are comparable (sulfate) or significantly lower (chloride) than the local (background) groundwater concentrations. The calculated Cu concentrations are well within the required drinking water and groundwater limits at 11.5 and 29.5 m from the landfill.
The groundwater in the specific area is not suitable for drinking. It could, therefore, be argued that chloride and sulfate are irrelevant constituents at the landfill site in question and that there is no need to meet drinking water limit concentrations. Another aspect of site-specific risk assessment is that local soil types and properties can be taken into account. Model predictions of maximum concentrations in the groundwater at 3 m from the landfill are presented in Table 2   0 Figure 3 . Principles of the reactive transport modelling approach applied on the Equifill landfill pilot. (van Zomeren et al. 2009 ). In addition, a model calculation with a sandy soil (worst case) at 20 m from the landfill was also evaluated as a more realistic distance for a point of compliance. Table 2 shows the calculated maximum (peak) concentrations of contaminants over the whole period (0-500 years) for each soil type. The results for the mobile constituents chloride and sulfate exceed the drinking water limits in all scenarios and the implications have been discussed above.
In addition to the local groundwater conditions, preferential flow was not taken into account. It was found earlier (van Zomeren & van der Sloot 2006a) that about 25% of the landfill contributes to emissions of salts due to preferential flow paths. When these factors are taken into account, chloride concentrations would be in the same order of magnitude as the drinking water limits at 20 m from the landfill. In general, calculated concentrations of contaminants in groundwater are highest in the scenario with a sandy soil and lowest in the peat soil. The sandy soil has a relatively low pH and is limited in the amount of reactive Fe/Al (hydr-)-oxides and organic matter. Therefore, concentrations of contaminants from the landfill are only slightly adsorbed to the sandy soil. The clay and peat soils have a higher pH and contain more reactive surface sites for adsorption of contaminants (van Zomeren et al. 2009 ).
Cadmium and nickel are relatively mobile in an acidic sandy soil and exceed the drinking water limits at 3 from the landfill. However, the concentrations in groundwater stay well below the drinking water limits at 20 m from the landfill and when the scenario is calculated for a clay or peat soil. Antimony concentrations reach the drinking water limit for all three soil types (at 3 and 20 m) in this modelling scenario.
The concentrations of all other relevant elements (Hg and F were not analysed) remain well below the drinking water limit already at 3 m from the landfill. The modelling approach enables identification of possible critical contaminant emissions from landfills and could facilitate site-specific assessments of these emissions to determine the degree of aftercare and/or decisions on the aftercare period. The presented approach consists of the conceptual model that was used to derive acceptance criteria for landfills. Recently, a more state-of-the-art model has been used for calculation of limit values for the application of (secondary) construction products in the Netherlands. It is important to mention that more complex models for describing reactive transport processes also require more input data and information about the system to be modelled. This will impose an extra monitoring and registration demand for the landfill operator. Assumptions on boundary conditions (e.g. release rates, steady state versus non-stationary flows, future conditions) often dominate the model estimates and represent major sources of uncertainty. Model assumptions and uncertainties need specific attention in order to reach a level of reliability for model estimates that is acceptable for regulators. In the future data gathering will start when the first truckload of waste is accepted. During some 20 years of operation and 30 years of compulsory aftercare data time series can be compiled that can be used to verify model estimates. The presented modelling approach might provide a basis for application when the acceptance criteria for landfill will be revised in the future. In addition, the modelling approach can be used as one of the toolboxes to perform assessments of the long-term emissions from landfill leachates and might help the competent authorities to decide whether the remaining emission potential is acceptable or not.
Conclusions
Progress in knowledge of landfill processes and geochemical modelling has enabled site-specific long-term emission predictions. This paper illustrates that 'stable situation' and 'final storage quality' are aspects that cannot be defined entirely by means of absolute numbers. Acceptable emissions and limit values should depend on the local situation (e.g. soil and groundwater conditions). A rigid definition of leaching limit values does not always coincide with a realistic impact assessment. In order to end aftercare, the landfill operator needs to prove to the competent authority that the landfill no longer poses a threat to the environment. A list of limit values can only achieve this if large (possibly unattainable) safety margins are introduced. This could result in unnecessary costs for society. Competent authorities and landfill operators could therefore benefit from a robust site-specific risk assessment method. Recent developments in British and German landfill regulations are very positive. They do provide more clarity concerning aftercare completion. The legislators have also realized that it is possible to actively reduce potential longterm emissions. The regulations provide possibilities for operators to apply measures to accelerate aftercare completion. Rather than making it redundant, these developments underline the need for a robust site-specific risk assessment method.
Preferably, such a method takes the entire landfill (cell) into account instead of just individual waste batches. Moreover, the method should account for different soil and groundwater conditions as the site selection of landfills is an important aspect of sustainability. The approach used for the establishment of the acceptance criteria of the Annex II of the European Landfill Directive can provide a starting point for the development of a robust risk assessment method.
Dutch operators and regulators intend to develop 'endpoint' criteria as described above. A standardized assessment method for release from aftercare is currently not available. However, recent developments in modelling indicate that such an approach is feasible and the approach was presented in this study. The presented modelling approach might provide a basis for application when the acceptance criteria for landfill will be revisited in the future. In addition, the modelling approach can be used as one of the toolboxes to perform assessments of the long-term emissions from landfill leachates and might help the competent authorities to decide whether the remaining emission potential is acceptable or not. However, it is necessary to define which aspects can and should be added and what level of reliability is required for prediction of long term emission potential. Moreover, the results imply that local environmental conditions contribute to the acceptability of landfill emissions and are important factors in choosing a landfill location.
